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Science Summary.

This task involved the investigation of the emission of clusters of

galaxies, particularly those which contain extended radio emission, in

the gamma-ray region of the spectrum. Observations were made of several

clusters using the Compton Observatory EGRET instrument. For each

cluster a measured flux or upper limit on the gamma-ray flux was

obtained. In only one case, Abell 2199, was there a significant measured

flux. This source is spatially confused with a known blazar in the field

of view. The observation is consistent with all emission being from the

blazar.
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Essentially, this program has led to an improvement of an

order of magnitude on the upper limits for the gamma-ray luminosity

of clusters of galaxies. This result has important implications

" in the studies of the metagalactic cosmic ray background, the

composition of the unseen matter in clusters of galaxies and

the mechanisms by which some clusters of galaxies generate synchrotron

radio emission over megaparsec scales. Preliminary results of this

analysis has been published in the Proceedings of the Second

Compton Symposium (AIP Conference Proceedings 304, p669, 1993) and in

conjunction with later observations at the High Energy Astrophysics

Division meeting of the AAS in November 1994. A final paper, funded

: separately, is being prepared for submission to the Astrophysical Journal.

Observations and Analysis:

Clusters observed specifically for the program included:

Abell 426

Abell 2162

Abell 2199

Abell 2255

Abell 2256

Abell 2319

The following clusters were analyzed using Compton Observatory archival

data:

Abell 400

Abe!l 496

Abell 1060

Abell 1367

Abell 1656

Abell 2022

Abell 2052

Abell 2063

Abell 2462

Abell 2806

Abell 2870/2877

Abell 3526

Abell 3565

Abell 3574

Abell 4038

Abell 4049.
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These observations were processed using a combination of both instrument

team software and software developed under this task. Analysis tasks

included adding together data from overlapping viewing periods,

developing tools to measure source and background counts, and

determining confidence limits on detection. The EGRET team Like program

was used in the final step of the analysis but all other software

was developed under this program.
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Abstract,

Clusters of galaxies may emit hlgh.energy gamma rays due to a number of emisslon

mechanisms including cosmic ray interactions with the intracluJter medium and the
annihilation of dark matter. We report on a search of measurements from the EGRET

instrument aboard the Comptan Observatory for gamma.ray emission from clusters of
g_la×ies. Thi, cluster survey includes a prdimin_try analysis of data from both pointed
observations and the EGRET all-sky survey. Current upper limits are given and the
cosmological implications of the observations are briefly discussed.

INTRODUCTION " "

The diffuse gamma.ray ¢miebion in our galaxy [s thought to be due to interactions
bet.ween cosmic rays and the interstellar medium and has been used to probe the
properties of cosmic rays in the gEaxy(Bloemen 19891 Fiehtel et al. 1989, and re_'erences
therein). T-he presence of a relatively dense(n,,- 10-Scm -s) intracluster mediur_' (1CM)
in m_ny clusters of galaxies means that similar mechanisms can generate gamma.rays
at those extragalactic sites. Many rich clusters of galaxies also contain active galaxies
that are known to be powerful sources of relativistic electrons. For the,e, and other
reasons that we discuss below, EGRET ob0ervations of clusters of galaxies car, place
interesting constraintl on high energy phenomena at extragalactic sites.

GAMMA RAYS FROM CLUSTERS OF GALAXIES

Estimating the density of cosmic ray8

In model8 where the cosmic ray5 in the intr_cluster medium (]CM) _re generated in
the cluster galaxies, the number in a cluster is the number leaked from the constituent
galaxies. If the generation of coBmic rays is proportional to optical luminosity, and we
assume our Galaxy is typical, then

La (1)
to,, = lv_.j_c

where tH is the Hubble time, tc is the confinement time of cosmic rays in the galaxy, N,_
is the number of cosmic rays in the cluster, and Ng°l _ 10s6 (Stecker and Tylka 1989),
the number currently in our Galaxy. The L'B are the respective optical luminosities.

Since the same emission mechanisms will be available in the cluster a_ in the galaxy,
we can calculate the gamma.ray luminosity of the cluster as

1042 t_ L°_ Ne.i M_L_=3x ---- / (2)
100 tc 50L. l0 ss 2.5 x 1014Moergs's

where we have assumed that the cosmic rays _md gas are distributed in a King model
of index _,3 in the ICM.

For a cluster ,t 100 Mpc this is still a factor of about 6 too weak to be detected in
a ,500,000 second observation if the ratios are unity. However, given the c_nslderable
uncertainties inmany of the quantities (particularly in the confinement time) that, go
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intothisluminosity,gAmrna raysfrom leakedcosmicraysmay stillbe detectableby
EGRET, particularlyifthe Hubble constantis]_.rge(sothatclusters_re relatively

nearby). Even if_ndividualclustersarenot visible,a sample ofclusternmay show a
6i_ni_c_.ntexcessofpositivedeviations.

Clu,gter Radio/'t'a/o8

Radio observationsindicatethatrelltivistlcelectronsarepresentinthe ICM ofat

leasthall'• dozencluster_(Han_sch1982).These clusterscontainextendedreglonsof
low radiosuri'_ebrightnessthatareassociatedwith theclusteru a wholeratherthan
individuaJactiveg_lax]es.A we[]studledexample i!inthe Coma clusterwhere the

halohu a scalesi2eofroughlyI Mpc and L steeppower-lawspectrum (o ,.-1.3,c.9.,

Kim et'al.1990),The radiomeasurernengsL:ebestexplainedby synchrotronemission
from relativisticelectronsinan_ntractustetrnagnetlcfield.

The spatlalextentofCom_-type halosh_sledtodii$cuhlesforunderstandlngtheir

origin.Itinnaturalto _ssume that the h_loi,powered by electron_that leakout
ofactiveraAiogalnxlas.However,3affe(1977)h_s shown thattheselea,kage modeh
h_ve dlf_cultyaccountin_forthe sizeofthe radiohalos.The crux of his_rgument
i_that ifthe bulk driftvelocityofelectronsi_limitedtothe Alfvenspeed (Wentzel

1974)then the timeforelectronstodiffusetotheouterp_rtsoftheras:llohaloexceeds
the eynchrotron-Comptonlosstimencaleby atle_t two ordersofmagnitude.So while

some energeticelectronsmust certainlyleakintothe|CM fromactivegal_.xies,thebulk
ofthe radiatingelectron_must be _ensragedinsome othermanner. Two approaches
tothe generationofrel_.tivilticelectronsxvithinthe cluster]CM have been explored.
The fir#t_pproach,employedby "primaryelectron"rnodels,_ns_mesthattheelectrons
are _ccelefatedin#ituby eithershock:oz turbulencein the ICM (Schfickeiseret al.
19_7).The secondapproach,employedby _secondaryelectron"models,asl_urnesthat
the radiatingelectrons_regeneratedwhet,leakagecosmic ray protons,whose much
longerradiativelifetimesallowthem to_llthe clu_tervolume,collidewitl_thermal

ICM nuclei (Dennhon 19B0). |
• Inasmuch _ both types of mode]_ for Com_-type h_.los.requlre the presence o( high.
energy p_tic]o_it,the ]CM, iti__f _ntere_tto examine _arnm_ray productionby
thesep_rt]cles_ theyinteractwith the thermalga_ requiredby clusterx.rayobeer.

rations.By combiningthe ICM dealhy measurementsprovidedby x-rayobservationz
_.d the_hapeofnon-thermalelectr(n spectrumprovidedby theradiomeasurements,
one can calculatethe gamma-ray fl_.xgivenan assumed m_gneticfield,trength.For

the Com_ cluster,the a.bsence'oi'_ htrd component of Compton x.rayslhnit_the
minimum fieldstrengthto D.IpO (I:_pha_lictal.1987).For primaryelectronsmod-
elsthisyieldss predictedmaximum nontherrnalbrernsstrahlungfluxat 100 Mev of
•..lO-Scm-_-_MeV-_, whichwould be difficulttode_,ectwith EGRET. On the other

h_nd, s_condaryelectronmodelspre(icta detectablepiondec_.yfluxfrom Com_ ifthe
fieldstrengthislessth_.n0.5/_Oaus_(!4estrand1990),A detectlonofComa by EGRET
would thereforebe strongevidencef_ra re_ervolrofcosmic.rayprotonsinthe ICM.

•Metag,'.lacticcosmic_'=y_

Ifloc_.lcosmicraysareofmetagal_:tlcoryn, thenthefluxofcosmicraysincluslers

shouJdbe e_ilydetectable.Using sir_ple_eometricarguments

where the densities are of the ICM v__su: 1SM _nd _ is the scale oi" the system. Siucr
the product of the_e ratios _ _bout fity, and the c]u,ters f_ll a :ignific_nt fraction ,d
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an EGRET resolutionelement,clustersshouldbe visible.

Annihilation o/dark matter

Itisgenerallybelievedthatmost ofthematterinclustersi8containedinsome form
ofdark m_tterwhose natureisunknown, There arem_ny possibi]it[esforthe nature

ofthismatterincludinga number ofexoticparticleewhich may occa*ionallydecay to
gamma raysand otherproductsduringencounters(seeforexample Silkand Bloemen
).987;Rudaz and Sleeker1988).While itislikelythatlocalGalacticconstraintson the

fluxofg_mma raysruleout a significantcontributionfrom thisprocess,thereissome
chancethatsuchdecayscouldbe meuurLble inclusters,

To withina geometricf_tor the relativesurfacebrightnesnesofthe Galaxy andclustersa.re

<tt_ > Sd

Bo.t < n_ > _,_t (4)-,.,

where the n's are the dens[tles of the exoiicparticles and the ._'nare the scale lengths,

The geometricfactorsof orderunityare indeterminatewithouta knowledge of the
dLstr]butionofdark matterand couldconceivablyfavordetectioninclusters.

Ifdark matterdoes not participateintheformatlonofgalaxiesto the extentthat
. <.| >

theraise<--_..>> _ = 21, thentheclu_teremlsslsnofat_nlb.i[ationproductswould

be brightert_aa the Galaxy's.Ifthe averagesquareofthe densityofexoticp_rticles

isenhanced a factorofI00 ormore inthe Galaxyabove the correspondingaveragein
clusters,then theGalacticsurfacebrightnesswillbe greaterthan clusters(and willof
courseextend avera larger_ret).Much largerenhancementsareseen in the visible

matter. Stfl], given that dark m_tter is unlikely to participate in dissipative processel,
itsdetectionisnotcompletelyinfeasibleand withsolittleunderstoodabout'itsnature,
any clueswould be important,

.THE OBSERVING PROGRAM

The survey involvesthe _nalysisofboth archiveinformationfrom the CORe

archive, and pointed observations Of the most promising candidates for the detection
of g_mma rays. The observing program waJ begun in Phase.2 wlth several targets ob-
served inperiods201 _nd 202,F'urtherobBervationearescheduledforPha_e 3 including
a much deeper observationofthe Coma cluster.

RESULTS

A simpleaperturephotometrytechniquehas been usedtodeterminethefluxlimits

in T_bleI.An annulusaround thesourceregionischosenforbackground.The counts
in thisbackgroundregionaremultipliedby theratioofthe tot_lexposureinthesource
regiontotheexposureinthe backgroundannulusand subtractedfrom the counts in
the source region, Any exceescounts are then attributed to the source. The source
region is a circle ofradlus 6.7*. The background annulus h_ an inner radius of 9,,_°
and an outerradiusof13,4".Only high qualityphotonswith energy> 70 MeV were
used in the analysi,. The flux is computed using the e.verage exposure over the source

region.Note thatthe averageexposureintheregionisrelatedto the totalexposure
by < E >= (fBI_'l)df_)/_q'where theintegraloverthe solidangleofthesourceregion
isthe tots[exposureinthatregion.

With the exceptionofA2199,none ofthe clusterswas detected,A2199 isconfuted
with the AGN 4C3&41 about a degree away (Mattox _t at. 1992). Since the emission
isseen to undergo strongvarlatlonson a week tim,scalemo:t of the fluxmust be

attributedto a non-extendedsource,The f,ux we obtainforthissourceagreeswell

Olt PO0 .=, OtJA', rv
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with that of the EGRET team. Upper limbs on the flux of clusters which we have
analyzed ate described in Table 1, The simple aperture photometry approach we have
used fails for A42E and A2319 which are at low gal_tic latitude. The background fcr
these sources must be handled in t more sophisticated fashion which will be possible
with the likelihood technique.

DISGUSSION

The investigations we have so far presented ttre only prelimint_ry, We anticipt.te
that limits perhaps an order of magnitude deeper can be made with better aualytis.
Sophisticated likelihood anEysis programs should soon become tvLilab!e and deeper
observations of Coma will be made in Phase 3, Nevertheless, some of our results are

already interesting.
The non.detection of clusters drives another nail in the coffin of metagalactic origin

for cosmic rays and supports the findings of Sre_kumar ttaL (1992) who looked at
emission from the M_ellenic clouds.

The limits on the emissivity of the Coma cluster increase the lower limit of the
intracluster fi,ld strength by a f_:tor of five to ,-. 0.5#G if the radio halo is powered
by secondary electrons. Using this lower limit in a simple turbulent cell model for
the cluster held structure, the observations of the Faraday depth for polarized radio
sources(Kim ttal,19_}0)would requireatleast4 turbulentcellsper gaz coreradius.
Wc _timate that thedeeperexposureforComa thatshouldoccur duringthe Phase

3 observationswillallowus to detectpion gamma-rays even ifthe fieldstrengthis
IpG, FailuretodetectComa atthatsensitivitylevelwould forcesecondaryelectron

modelsIntoa rathersmallregionofparameterspace.
Usingthesimplemodel discussedabovetheconfinementtimesforcosmicraysinthe

el.uttergalaxiesmust be > "107yet_rs,This isconsistentwith currentestimatesofthe
confinement times of severt.l times 10v years from analysis of the isotopic composition
of local cosmic rays (e.q., Webber st al. 1999). It should be possible to get very close
to those limits with longer observations trod enhanced tmMysis techniques.
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